Metagenomic-based analyses have the potential to revolutionize our understanding of the microbiology of food production and processing environments. By adopting such approaches, it will be possible to more accurately determine sources of microbial contamination, identify critical control points for such contaminants, and select practices that optimize quality and safety. This mini-review will discuss the merits of adopting metagenostic-based approaches, highlight novel insights that they have provided to date and consider how they could be further implemented.
Introduction
It has long been recognized that bacteria from food production and processing environments can have positive or negative influences on the end products. Despite the fact that modern food processing facilities are designed to reduce the risk and likelihood of producing spoiled or unsafe produce, they are not abiotic. These facilities are vulnerable to colonization by microbes from various sources (including raw materials, air, humans and a variety of other sources).
These environments are routinely tested for the presence of pathogenic and spoilage type bacteria, with specific focus on particular species or phenotypes (Doyle et al., 2015) . For these assays it is necessary to know in advance what microbe or trait is being assayed. However, applying such targeted approaches means that other microorganisms can escape detection. Indeed, 38.4 million cases of foodborne illness are caused by unidentified microbes in the United States per annum (Scallan et al., 2011) . At present, although there is no data on the volume of food product loss caused by unknown microbes, or not readily culturable microbial agents, there is evidence to suggest that it may be significant (Quigley et al., 2016) . High throughput DNA sequencing (HTS)-based analysis of metagenomic DNA (DNA from all organisms in an environment) provides a potential means by which the microbiome of sampled environments can be tested to identify unknown, or overlooked, etiological and spoilage agents (Huang et al., 2016) . Here, we outline the benefits of using a microbial ecology-based approach to study the food production and processing facility microbiome and, more specifically, we highlight the advantages of utilising metagenomic-based analyses to further understand these environments. Examples of how these approaches have improved, or potentially will improve our understanding of microbial influences on some representative food processing/production environments is presented in Fig. 1 . Ultimately, by adopting these approaches it can be possible to assess how factors such as production practices, building design, seasonality and operating procedures may be adapted to safeguard the microbial integrity of the food supply chain.
The microbial ecology of crop production and livestock management
It is important to consider that these approaches are not limited to studying microbial biogeography of the food production facility environment. In order to effectively monitor and control the microbial ecology of food production chains from 'farm to fork', it is necessary to first examine factors which influence the microbiome of crops and animals. In crop production, the rhizosphere (area of microbial rich soil, in immediate contact with plant roots) is an important consideration. In crop production, the host (crop) microbe interplay in the rhizosphere is crucial for plant nutrient acquisition and maintaining crop health (Mendes et al., 2011) . Above ground, the phyllosphere (bacteria on plant surfaces above ground) may be colonized by potential plant and human pathogens (Rastogi et al., 2013) . Recent surveillance of the surface microbiota of fresh fruits and vegetables found that farming practice (conventional versus organic) significantly influenced the microbial composition of the food product. These researchers found that Enterobacteriaceae were in significantly lower relative abundances in organically farmed produce (Leff and Fierer, 2013) . This is notable, as this family contains the genera Escherichia, Shigella and Salmonella which are commonly associated with foodborne illness (Scallan et al., 2011) . However, the amplicon-based approach used for this study was unable to achieve genus, species or strain level classification. This issue regarding discriminatory power will be discussed further below. Nonetheless the study highlights how HTS can be utilized to examine the influence of production practices on the fruit and vegetable microbiota. More promisingly, shotgun metagenomic sequencing has recently been used to detect Shiga toxin-producing Escherichia coli (STEC) in spiked spinach samples (Leonard et al., 2015) . Strain level classification was achieved, even at low cell numbers (10 CFU in 100 g of spinach), outlining how this technology could be used to conduct culture-independent surveillance of fresh produce for pathogenic microorganism and viruses.
In livestock management, the animal's microbiota is important from the perspectives of diet, nutrient efficiency and animal health (Kim and Isaacson, 2015; Schokker et al., 2015; Weimer, 2015) . Compositional metagenomic analysis has been used to analyse the microbiota of bovine teats to identify microbial markers for teat health, which in the future could potentially be used to diagnose mastitis (Falentin et al., 2016) . This type of diagnostic approach has also been used to identity microbial biomarkers associated with Johne's disease, which causes substantial financial losses to farmers whose herds that are affected with this disease (Derakhshani et al., 2016) . The application of metagenomic analysis has the potential to screen samples of animal origin (herds) for multiple potentially pathogenic microbes in parallel. The most important outcome from applying such an approach would be to maintain animal health and to prevent the transmission of zoonotic diseases to consumers.
In addition to identifying possible biomarkers of disease in livestock, functional metagenomic sequencing has also been utilized to identify antibiotic resistant (AR) genes in bovine manure. This is of importance as manure is frequently applied as a crop fertilizer (Wichmann et al., 2014) . The use of manure with AR genes could possibly lead to the accumulation of AR genes in the farm environment and the subsequent transmission of microbes with these genes to other environments, animals or to consumers via contaminated agricultural produce.
Moving inside, biogeography of the food production and processing environment
In recent years, advances in HTS have revolutionized the relatively new field of buildings ecology. This field involves analysis of the biogeography of all fomites (abiotic surfaces that are capable of harbouring microbes) within a given environment and how humans interact with these fomites and the ecosystem as a whole. This is conducted by analysing the influence that, for example, human traffic and extrinsic factors [air flow, temperature and humidity (Kembel et al., 2012) ] have on the distribution of microbes in the environment in its entirety, and more specifically, on niches within these environments. Initial studies in this area focused on hospital and campus buildings (Kembel et al., 2012; . The food production environment, like any other built environment, contains thriving microbial ecosystems whose constituent consortia is niche dependent. Each niche specific microbial consortia is influenced by intrinsic and extrinsic factors, the source of the these microbes is typically from raw substrates but bacteria may also originate from humans or other environmental sources. These production niches are colonized when substrates or other sources come into contact with their surfaces, microbes are then selected for based on nutrient availability and production practices. Although originally formulated to describe the distribution of microbes throughout the natural environment, the concept on microbial ubiquity propounded by Martinus Beijerinck that 'Everything is everywhere, but the environment selects', can equally be applied to help understand the distribution of microbes in food processing facilities. For instance, recently it has been shown that niche specific ecosystems have developed within cheese processing facilities. This community development is driven by community-wide adaptation in response to substrates or conditions within each niche . In this well-established artisanal facility, it was proposed that adapted communities could be considered quasidomesticated, as they have been selected primarily based on positive attributes that contribute to specific organoleptic characteristics of the cheese . In some incidences, such as kimoto rice wine fermentations, the fermentation process is dependent on inoculation with members of the facility microbiome in order to complete the fermentation process (Bokulich et al., 2014a) . The same is also true for production of Ragasano and Salers cheeses, whereby the wooden vats used to store the milk contribute bacteria to the milk to aid in cheese production (Lortal et al., 2009; Didienne et al., 2012) . Indeed, for Ragasano cheese, no starter is added, the bacteria which ferment this product are from the wood vat biofilm or the raw milk itself. These examples highlight the beneficial influence that the resident facility microbiome can have on the food production process.
It is important to note that antagonistic microbial adaptations may also be selected for in food processing facilities (Bokulich et al., 2015a) . Indeed, it may be argued that modern food processing facilities contribute in their own way to microbial colonisation due to microbial adaptations; for instance, specific biofilm-forming populations can be selected on stainless steel surfaces that undergo specific cleaning regimes and can become a persistent problem in the dairy processing environment (Sharma and Anand, 2002; Cherif-Antar et al., 2016) . This phenomenon is not confined to the dairy processing environment; recently it was found using HTS that the meat processing environment is home to undesirable microbes that may cause spoilage. In this processing environment, spoilage-associated microbes originate on the carcasses entering the butchering facility (De Filippis et al., 2013) . Once these microbes have entered these facilities via this vector, they establish themselves as resident members of the facility microbiome on the meat contact surfaces. These antagonistic microbes are then subsequently inoculated onto the meat as it is processed into different cuts.
It is evident from the studies highlighted above that the food production facility microbiome can exert a positive or negative influence on the food produced within it. Moving forward, it is reasonable to foresee scenarios where large-scale food producers design facilities to select for microbiomes, or indeed inoculate surfaces with microbes that prevent colonisation by pathogenic or spoilage-associated microbes by way of competitive exclusion (CE). This method has been trialled in a poultry processing plant recently, i.e. drains were treated with CE bacteria, which eliminated detectable Listeria in five of the six drains tested (Zhao et al., 2013) . In the future metagenomic sequencing could be used to identify additional novel food-grade microbes that already exist within these facilities that could be cultivated on surfaces to confer positives attributes on the production plant ecosystem, mirroring the microbiomes that have evolved in artisanal production facilities.
Recent advances in understanding the compositional metagenomics of the food production and processing environment While early approaches to using this technology produced novel and interesting results relating to, for example, milk and cheese, these studies were focused primarily on the microbial composition of the food products and were predominantly curiosity driven. More recently, these approaches have become more investigative and hypothesis driven. For instance, they have been used to identify the etiological agent of cheese pinking (Quigley et al., 2016) . This study identified Thermus as the causative agent for this type of spoilage (Quigley et al., 2016) . This bacterium was found in water sources within the production environment, identifying it as a possible reservoir for this contaminant. This is noteworthy because this microbe is not cultivable by any assay currently applied in industry, presumably explaining why it was not previously detected.
The meat processing environment is among the most commonly studied environments. Molecular surveillance of meat processing facilities has been carried out in recent studies in both Finland and Central Europe (Hultman et al., 2015; Pothakos et al., 2015) . In both instances, the food spoilage-associated genus Leuconostoc was found to be common to the processing environment and the foods; it was highly abundant on raw meat but to be less prevalent on the facility surfaces. Of even greater concern was the prevalence of Yersinia spp. on facility fomites among the Finnish processors (who worked in the meat industry); this highlighted that a potentially pathogenic genus was able to survive the cleaning treatments implemented in the processing facility (Hultman et al., 2015) . The same genus was, however, found in much lower prevalence in the raw meat products suggesting that the incidence of transmission was limited due to Good Manufacturing Practice. It should also be noted that, while the detection of Yersinia spp. is concerning, the identity of the species was not determined, thereby highlighting the importance of using HTS approaches that can assign at the species or even strain level, such as shotgun metagenomics, in favour of those that only assign at the genus level, such as 16S rRNA amplicon sequencing.
More recently, researchers have demonstrated that there is an observed early variation in the microbiota of modified atmosphere packed (MAP) meat between different production lots. This variability in microbial composition is less evident at the end of shelf-life, when beef samples are dominated by Carnobacterium spp. and Brochothrix spp. (S€ ade et al., 2017) . Bacteria belonging to these groups are among the most frequently associated with meat spoilage and cause the development of offflavours, slime production, gas production and discoloration (Doulgeraki et al., 2012) . The dominance of these microbes was consistent across production lots, with the source identified as the initial meat. Researchers have also compared the influence of different production methods, including different approaches to slaughtering, on the microbiota of meat products. In Halal, slaughtered meat Corynebacteriaceae was detected in higher proportions than in classically slaughtered meat. Bacterial diversity was also higher in the Halal slaughtered meat (Korsak et al., 2017) . The impact of processing on refrigerated pork sausages has also been investigated (Benson et al., 2014) . In this instance the researchers described the dynamic microbiota of pork sausage throughout its storage, with its initial microbiota being first replaced by Pseudomonas spp., and then subsequently by the lactic acid bacteria Lactobacillus graminis and Carnobacterium divergens.
The dairy production chain, and especially cheese production, has also been the subject of investigations. Recently, researchers in Italy have carried out HTS analysis of a cheese production plant producing two types of cheese (Calasso et al., 2016) . They found that Streptococcus thermophilus dominated the fomites of this facility, while several other bacteria that are frequently used as starter cultures were widespread throughout this facility but at much lower levels. Staphylococcus and Brochotrix were found in both the ripening room and rind of Caciotta cheese, while Chromohalobacter and Sphingomonas were associated with the ripening room and rind of Caciocavallo Pugliese (Calasso et al., 2016) . These results show further evidence of microbial niche partitioning in the food production environment. An additional study which focused on cheese production examined the microbiota of continental style cheese produced at different intervals during the same production day (O'Sullivan et al., 2015) . This study found that the microbial diversity of cheese samples was higher in cheese produced later in the production day. It was concluded that this was due Metagenome-based surveillance and diagnostic approaches 4385 to the accumulation of bacteria on production surfaces (O'Sullivan et al., 2015) . HTS surveillance has also been conducted on drain water and drain biofilms in a cheese production plant in Austria (Dzieciol et al., 2016) . Here, researchers found that the microbiota of the drain water differed from that of the drain biofilm, with Pseudomonas spp. being found to be more prevalent in biofilm samples than in the drain water, reflecting the ability of these species to readily form biofilms to survive and persist within production environments. Notably, the ubiquitous foodborne pathogen L. monocytogenes was found in the drain water and in the drain biofilm, highlighting both as potential reservoirs for this microbe.
One of the issues to date has been that the vast majority of studies on food processing facilities have been focused on amplicon-based determination of the composition of the microbiota types present. This kind of analysis provides valuable information on the microbial taxa present in any given processing environment and how they may be influenced by different factors, but can only be used to target bacteria or fungi, and offers limited discriminatory power. This limitation can be overcome by taking alternative approaches; these methods will be discussed later in relation to their application for food safety.
'Terroir'-izing the microbiome
The idea that microbial communities may imprint distinct organoleptic characteristics upon a food product produced in a facility was touched upon above. The use of HTS has shown that the microbiota of food produce is also influenced by geographical factors including location, culture and climate. For instance, cheeses produced in geographically distinct regions of the world have distinct microbial communities (Li et al., 2017) . Bokulich et al. (Bokulich et al., 2015b) have found that this is also true of another fermented dairy product, matsoni. The results indicated that milk type and production are both drivers of the matsoni microbiota. Indeed, this concept has been examined extensively and first theorized with respect to wine production. The concept of a 'Terroir' (the organoleptic signature of a wine, determined by environmental influences) has been explored from a microbial perspective (Bokulich et al., 2014b) . It was observed that must from different wine producing areas within California have distinct microbiomes. This microbiome is postulated to be shaped by numerous factors including microclimate, soil type, crop management practices and crop phenotype (Bokulich et al., 2014b; Gilbert et al., 2014a) .
The microbes associated with production environments shape not only the microbiota of food but also the physical and chemical characteristics of the foods produced within them. Many foods which have Protected Designation of Origin (PDO) have been characterized using metagenomic approaches De Pasquale et al., 2014; Dolci et al., 2014; Zinno et al., 2017) . In the future, these methods could be used as a diagnostic tool to prevent producers from selling produce that do not meet the PDO criteria based on microbial composition. Although originally coined to describe a wine organoleptic characteristics based on location and other multifactorial influences, it is now appreciated that the 'Terroir' can be expanded to describe other foods (Bokulich et al., 2016) .
Food safety
The importance of utilising whole genome sequencing (WGS) of cultured isolates to track specific strains of bacteria involved in outbreaks back to food processing facilities has been reviewed recently (Stasiewicz et al., 2015) . WGS is increasingly being successfully applied to trace outbreaks from clinical samples to the source of contamination. The utilisation of WGS in combination with, for example, the Genome Trakr database allows outbreaks to be tracked on global scale (http://www.fda. gov/Food/FoodScienceResearch/WholeGenomeSequencingProgramWGS/ucm363134.htm).
The successful application of WGS in tracking outbreaks highlights the potential for metagenomic sequencing to bring similar resolution to tracking the movement of microbial communities in the food chain. Indeed, this type of approach has been adopted recently by researchers examining clinical samples from outbreaks of foodborne illness (Huang et al., 2016) . This proof of concept study found Campylobacter jejuni in the faeces of a patient suffering from foodborne illness; the pathogen was not present in the patient's faecal metagenome three months after the incident (when they were healthy). This suggested that the patient was suffering from campylobacteriosis, a fact that is particularly notable given that Campylobacter is the most prevalent cause of foodborne illness in the United States (Scallan et al., 2011) . It should also be noted that shotgun metagenomics is not limited to just the identification of pathogenic bacterial agents in clinical samples. Indeed, a recent representative study used metagenomic sequencing to identify novel pathogenic agents, such as viruses and parasites, in clinical samples from outbreaks of gastroenteritis of undetermined cause (Moore et al., 2015) . More specifically, the researchers detected viruses, such as rotavirus, adenovirus, sapovirus and parechovirus, as well as the parasite Dientamoeba fragilis. However, it is clear that if one is dealing with clinical samples from foodborne outbreaks, then failures have already occurred within the food chain. In order to address this, tracking the movements of microbes in the food chain will be key. This issue is addressed below.
Microbial sourcetracking of communities through the food chain
Traditionally, the tracking of microbes through the food chain has been extensively applied to study the movement of pathogenic strains after the occurrence of an outbreak of foodborne illness. While microbial sourcetracking (MST) had originally focused on cultivable microbes such as Escherichia coli or Clostridium perfringens and took a primarily single-plex approach to tracking these isolates (Scott et al., 2002) , taking cultureindependent approaches and targeting nucleic acid make it possible to track contamination in multiplex based assays. This method has been applied in a wide range of studies ranging from the tracking of species of Bacteroidales in water systems (Kapoor et al., 2015) to the tracking of viruses of human or animal origin in seafood in New Zealand (Wolf et al., 2010) .
The development of the Sourcetracker algorithm, and its use in combination with high throughput compositional metagenomics has in particular allowed this type of approach to be used to track the movement of microbial communities throughout different environments (Knights et al., 2011) . This Bayesian inference algorithm uses a Markov chain Monte Carlo model to determine potential sources of contamination based on the community composition; 'sources' of contamination and 'sinks' for contamination. Bokulich and colleagues used the compositional metagenomic data generated from characterising the brewery environment to track the movement of microbes within this environment. They combined this approach with targeted PCR to also track the movement of spoilage-associated genes through this environment. The distribution of bacteria and fungi throughout this environment was also assessed, as were seasonal variations (Bokulich et al., 2015a) . This analysis identified the raw materials used in the brewing process as the main source of bacteria colonising the fomites within this brewery. This approach has also been applied to study microbial movement in the dairy farm environment (Doyle et al., 2016) . We found that the raw milk microbiota is influenced by herd habitat and farm management practices (Doyle et al., 2016) , i.e. raw milk from herds grazing outdoors had more soil and environmental-type bacteria than raw milk from the same herd when housed indoors during winter, which in turn had higher proportions of gut-type bacteria. This highlighted routes of contamination that need to be managed (Doyle et al., 2016) . A schematic highlighting the different environmental niches that dairy herds are exposed to during different seasons can be seen in Fig. 2 . Transmission patterns elucidated from such studies could be used to introduce control measures to reduce or eliminate the risk of transmission in the future.
While Sourcetracker provides insightful data which may help elucidate transmission patterns for tracking the movement of bacterial communities from the environment into the food chain, it does not produce information on strain level transmission of microbial movement. The recent development of MetaMLST and Strainphlan has made it possible to track microbial transmission of sequence types and strains of microorganism through environments using metagenomic data sets . Indeed, Strainphlan has been used to track bacterial transmission from mother to infant (Asnicar et al., 2016) . Moving forward, a similar approach to this could be adapted to track etiological agents associated with foodborne illness through the food chain, or to identify critical control points for microbial contaminants within food production environments.
Application of shotgun metagenomics and metatranscriptomics
Limitations associated with compositional metagenomic surveillance of food production environments, relating to an inability to assign taxonomy at the species level or to provide insights relating to functional potential, can be overcome by utilising shotgun metagenomics. For example, by analysing these shotgun metagenomic datasets it is possible to track movement of bacterial strains or sequence types using the aforementioned MetaMLST or Strainphlan. The advantages of this approach over compositional metagenomics has been outlined in even greater depth recently (Bokulich et al., 2016) . To date, this type of approach has only been applied to the beef production chain (Yang et al., 2016) , and has yet to be applied to the food processing environment but has been used to characterize the microbial communities present in fermented foods (Wolfe et al., 2014; Walsh et al., 2016) and in cleanrooms (Bashir et al., 2016) . In the analysis of the beef production chain (Yang et al., 2016) , shotgun metagenomics facilitated the detection of pathogens at the species level throughout the production chain. It also allowed for the detection of virulence factors associated with these microbes. Similar methods could be utilized to survey the distribution of microbes throughout the other food processing and production environments.
Furthermore, it is expected that metatranscriptomics will be applied in the future to help characterize microbes present in these environments. Metatranscriptomics is the study of all of the RNA transcribed by a microbial community. In this respect, it is similar to metagenomics in that it targets nucleic acid. Unlike metagenomics, which can be used to predict function, metatranscriptomics looks at the genes actually expressed by the community. In a food context, such analyzes were recently used to Metagenome-based surveillance and diagnostic approaches 4387 examine the microbial succession in Kimchi fermentations (Jung et al., 2013) and microbial activity in French cheese (Monnet et al., 2016) . In Kimchi fermentations, metatranscriptomic analysis showed that Leuconostoc mesenteroides expressed genes involved in the development of flavour at the beginning of the fermentation process. In cheese, Monnet described yeast succession on the surface of Reblachon cheese during cheese ripening phases. The study indicated that these yeast are involved in the production of different flavour compound in the cheese. Two other studies which have utilized a metatranscriptomic approach to food also focus on cheese (Dugat-Bony et al., 2015; De Filippis et al., 2016) . DugatBony et al. (Dugat-Bony et al., 2015) have shown that genes involved in amino acid catabolism are expressed at higher levels in the early phase of cheese ripening, suggesting that this is the most important phase for flavour development. De Filippis and colleagues have showed that ripening temperature could be used to influence the growth of non-starter lactic acid bacteria and that, at the gene level, an increase in temperature saw an up-regulation of genes involved in proteolysis and lipolysis, thereby altering the flavour of the cheese (De Filippis et al., 2016) . These results show the novel insights that metatranscriptomic analysis can provide with respect to food production in general and, more specifically with respect to these results, it's potential to revolutionize cheese-making through the creation of cheeses with novel flavours and reduced ripening times.
An important consideration when performing metatranscriptomics is the need to deplete ribosomal RNA in order to specifically target the messenger RNA which contains the relevant information highlighting changes in gene expression. Metatranscriptomic analysis, while providing more valuable information than metagenomic analysis, is more expensive and RNA can be easily degraded making it more difficult to work with. Due to these issues, metatranscriptomics has yet to be extensively applied to studying the food or the food production and processing environments. Its increased application in the future will, however, undoubtedly highlight the components of microbial populations that are more active in individual niches and could, for example, be used to identify genes that confer resilience to microbes that persist within these distinct environments.
Conclusion
These metagenome-based diagnostic (metagenostic) approaches have already improved our understanding of microbial influences on a few select food production chains (Fig. 1) . These approaches can be adapted in a Fig. 2 . Schematic depicting how environmental niches differ in seasonal milk production. The cow is exposed to different environmental niches when on pasture compared to when grazing. This change in environmental exposure influences the raw milk microbiota (Doyle et al., 2016) .
[Colour figure can be viewed at wileyonlinelibrary.com] similar manner to investigate other food chains. Depending on the diagnostic question being asked, the use of HTS can be tailored to answer any of these questions. Moving forward, it will be necessary to take a more collaborative approach to analyze these dynamic environments. This will require combining knowledge from both food producers and researchers (from multiple disciplines) for the collective good. By pooling these resources, it will be possible to explore the dynamics of the microbial aspects of our food production in greater detail. Similar collaborative efforts have been established to study the microbiome of other environments, including the human, earth, ocean and hospital microbiome projects to name but a few (Consortium, 2012; Smith et al., 2013; Gilbert et al., 2014b; Sunagawa et al., 2015) , and have provided intriguing insights. There have been initial efforts to form such consortia, such as the Sequencing of the Food Supply Chain Consortium (Weimer et al., 2016) . Ultimately, it is clear that we are only now gaining true insight into the complexity of the food production and processing environments; it is of paramount importance that we use new metagenostic approaches to better design processing facilities and implement control strategies for reducing the ingress of harmful microbes in food production and processing facilities.
